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An Introductory Characterization of a Combat-Casualty-Care 
Relevant Swine Model of Closed Head Injury Resulting 

from Exposure to Explosive Blast* 

Richard A. Bauman,1 Geoffrey Ling,2 Lawrence Tong,3 Adolph Januszkiewicz,4 

Denes Agoston,5 Nihal Delanerolle,6 Young Kim,7 Dave Ritzel,11 Randy Bell,8 

James Ecklund,9 Rocco Armonda,8 Faris Bandak,10 and Steven Parks3 

Abstract 

Explosive blast has been extensively used as a tactical weapon in Operation Iraqi Freedom (OIF) and more recently 
in Operation Enduring Freedom (OEF). The polytraumatic nature of blast injuries is evidence of their effectiveness, 
and brain injury is a frequent and debilitating form of this trauma. In-theater clinical observations of brain-injured 
casualties have shown that edema, intracranial hemorrhage, and vasospasm are the most salient pathophysio- 
logical characteristics of blast injury to the brain. Unfortunately, little is known about exactly how an explosion 
produces these sequelae as well as others that are less well documented. Consequently, the principal objective of 
the current report is to present a swine model of explosive blast injury to the brain. This model was developed 
during Phase I of the DARPA (Defense Advanced Research Projects Agency) PREVENT (Preventing Violent 
Explosive Neurotrauma) blast research program. A second objective is to present data that illustrate the cap- 
abilities of this model to study the proximal biomechanical causes and the resulting pathophysiological, bio- 
chemical, neuropathological, and neurological consequences of explosive blast injury to the swine brain. In the 
concluding section of this article, the advantages and limitations of the model are considered, explosive and air- 
overpressure models are compared, and the physical properties of an explosion are identified that potentially 
contributed to the in-theater closed head injuries resulting from explosions of improvised explosive devices (IEDs). 

Key words: blast tube; brain injury; explosive blast; free field; overpressure; vasospasm 

Introduction vices (IEDs) as weapons. The one unifying characteristic of 
IEDs was that a single explosion could inflict widespread 

DURING THE 1970s AND 1980s, explosive blast was used as death and massive trauma. In contrast to previous conflicts in 
a weapon of terror by the Irish Republican Army, which gunshot wounds were the primary mechanism of 

However, never before in the history of modern warfare has it trauma and the nature of these injuries was focal, blast injuries 
also been used as a tactical weapon. That changed with Op- were the primary mechanism of injury in OIF (Hoge et al., 

eration Iraqi Freedom (OIF). Soon after the invasion of Iraq in 2008), and they were multifocal and polytraumatic. The 
2003, insurgent forces began using improvised explosive de- polytraumatic nature of civilian blast injuries in Ireland and 
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Israel frequently included blast lung (Avidan et al., 2005), 
especially when explosions occurred within confined spaces. 
However, blast lung is an infrequently reported outcome in 
OIF, perhaps in large part due to the use of body armor. In 
contrast, a preponderance of clinical observations suggests 
that exposure to blast does frequently result in traumatic brain 
injury (TBI), despite the improved design of Kevlar helmets. 
Furthermore, in contrast to brain injuries that are most prev- 
alent in the civilian sector, the observations of neurosurgeons 
and neurointensivists in theater and at Level 5 treatment fa- 
cilities, such as Walter Reed Army Medical Center and the 
National Navy Medical Center, have suggested that the fre- 
quency, intensity, and duration of the pathophysiological 
characteristics of explosive blast injury to the brain are unique. 
The most salient of these characteristics are edema, vaso- 
spasm, and intracranial hemorrhage. 

Armonda and colleagues (2006) addressed the uniqueness 
of these characteristics. They reported that in severely brain- 
injured casualties the onset of edema was rapid and life- 
threatening if a hemicraniectomy was not performed soon 
after exposure to an explosion. They also reported that the 
presentation of severely brain-injured casualties frequently 
included vasospasm of the internal carotid and anterior ce- 
rebral arteries, especially when accompanied by intracranial 
hemorrhage that often, but not invariably, resulted from 
penetrating bomb fragments. Although the very high inci- 
dence of vasospasm in those casualties that suffered intra- 
cranial hemorrhage is perhaps not surprising (Soehle et al., 
2004), repeated in-theater clinical observations suggested that 
the incidence of vasospasm was very high, even in patients 
that suffered blast-induced non-penetrating head injury. 

Since little is known about explosive blast injury to the 
human brain, the principal objective of the current report is to 
describe a swine model of explosive blast that could be used to 
recreate the salient pathophysiological, neuropathological, 
neurological, and memory impairments of human TBI re- 
sulting from exposure to IED explosions in simple and com- 
plex blast scenarios. In what follows, representative data will 
be used to illustrate the capabilities of this model, as well as 
the biomechanical, physiological, neuropathological, and 
neurological effects of explosive blast injury on the swine 
brain in several operationally relevant structures. 

Overall Methods 

All experiments were approved by the ORA USDA- 
approved IACUC and the Medical Research and Material 
Command of the United States Army. Adult Yorkshire swine 
(Archer Farms, Darlington, MD) weighing between 40 and 
50 kg were studied. A total of 175 swine were studied in these 
preliminary feasibility experiments, and in general, two to 
three representative examples are provided to demonstrate an 
overview of the findings. The general approach used for the 
swine studied in the experiments described included anes- 
thetic induction with a mixture of acepromazine (2mg/kg) 
and midazolam (1 mg/kg), and maintenance with isoflurane 
(1-2%). In addition to the specific instrumentation germane to 
the various experiments described below, appropriate vas- 

cular access was placed, and in selected studies arterial oxy- 
gen saturation was continuously monitored by pulse 
oximetry and rectal temperature was monitored. In the cur- 
rent report all swine were protected with body armor as de- 
scribed below. As a consequence, intubation and mechanical 
ventilation were infrequently required after exposure to a 
blast. 

Blast Structures 

During the two research stages within Phase I of PRE- 
VENT, three principal blast structures were used to model 
operationally relevant scenarios: the blast tube, the high 
mobility multipurpose wheeled vehicle (HMMVEE) surro- 
gate, and the four-sided building with an entrance, but no 
roof. The shape, dimensions, and the location of the explosive 
charge within a structure are important determinants of the 
unique changes in pressure that occur as a function of time 
(i.e., the pressure-time history). The pressure-time history of 
each structure and the position of the swine within each 
structure will be considered before samples of the biome- 
chanical, physiological, and neurological data are reported. 

Tube 

Blast in the free field is one operationally relevant scenario. 
In the absence of walls, the rapidly developing pressure 
waves of a free-field blast expand uniformly outward in three- 
dimensions from the center of an explosion. In current and 
previous work, we have demonstrated that the dimensional- 
ity and directionality of blast-generated pressure waves 
within a bi-directionally open-ended tube are similar to those 
observed in the free field. Additionally, a blast tube requires 
significantly smaller quantities of explosives in order to pro- 
duce free-field target peak pressures. 

Figure la is a diagram and panel b is a photograph of the 
blast tube, which is 70 feet long and divided into three sec- 
tions. The proximal end consists of the heavy-walled driver 
chamber (constructed of 3-inch-thick steel) in which explo- 
sives are placed. Its dimensions are 8 feet long by 34 inches in 
diameter. The middle segment is a 10-foot expansion section 
that is connected to the test section. Within the test section, the 
swine was restrained in dorsal recumbency within a sling that 
was suspended from a metal support tube. The support tube 
was between 14 and 24 feet from the charge, depending on the 
nature of the experiment, and steel braces were used to anchor 
the bottom of the support tube to the blast tube to minimize 
movement of the sling during the blast. Figure lc shows the 
support tube during a calibration blast. 

In all structures, a binary uncased explosive was used and 
within the tube it was hung centrally within the driver. The 
changes in pressure that resulted from explosions were re- 
corded by a pencil gauge that was mounted directly in front of 
the swine. An actual free-field (Friedlander) waveform re- 
corded by a pencil gauge is shown in Figure 2a, and an ideal 
waveform is shown in Figure 2b. To illustrate the similarity of 
the waveforms, the ideal waveform (black curve) is super- 
imposed on the actual waveform in Figure 2a. 

FIG. 1. (a) Two-dimensional diagram of the blast tube, including the driver, expansion cone, and conduction segments of the 
blast tube. The swine is positioned 20 feet from the center of the blast, just outside the fireball, and 44 feet from the end of the 
tube, (b) Photograph of the blast tube, (c) Front photograph of the blast tube during a calibration test. Notice the support bar. 
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FIG. 2. (a) A drawing of an ideal Friedlander wave show- 
ing the peak pressure, the positive impulse and phase du- 
ration, and the negative impulse and phase duration, (b) An 
actual pressure-time history for an explosive blast in the 
tube. The up-and-down oscillations are caused by the vi- 
bration of the needle gauge. The overlaid smooth curve is a 
replot of the ideal Friedlander waveform shown in a. 

Figure 2a and b show a rapid rise in pressure after the 
detonation of a moderate-size charge. Beyond the peak, Pso, 
the exponential-like decay of pressure crosses zero within 
approximately 11msec after detonation, resulting in a rela- 
tively small underpressure that gradually dissipates as pres- 
sure returns to baseline. The peak positive phase duration, 
impulse, and negative phase duration are a function of several 
variables such as the size of the charge and distance of the 
animal from the center of the explosion. The top of Figure la 
shows a series of ideal Friedlander waveforms that decrease 
in amplitude and increase in positive phase duration as dis- 
tance from the center of the explosion increases. Despite these 
changes, the waveforms remain Friedlander in shape and 
resemble the waveform for a free-field explosion of a IED. 
However, when an explosion occurs within an enclosed space 
the relatively simple shape of the Friedlander pressure time 
history becomes complex. 

FIG. 3. (a) A photograph of the right side of the Humvee 
showing the hoist, cover, support bar, and frame, (b) This 
angled diagram of the front of the Humvee shows the loca- 
tion of the support frame, swine, charge, hole above the 
charge, and transducer holes, (c) A photograph of an ex- 
plosion beneath the HMMVEE. Notice the significant dis- 
persion of gas, light, and pressure surrounding the site of 
detonation. 

HMMVEE surrogate 

HMMVEEs are frequently targets of IED explosions and 
the crew compartment of a HMMVEE is an enclosed space 
that the complexity of the pressure waves. A physical model 
of the crew compartment was constructed and is shown in 
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Figure 3a. The shape and volume of this surrogate compart- 
ment are identical to those of a real HMMVEE. 

Figure 3a shows the support frame within which the swine 
was suspended from a support bar. The hoist was used to 
raise the entire frame above the top of the surrogate and lower 
it into the interior of the compartment. The steel lattice on the 
sides and back was used to reinforce the walls. 

The drawing in panel b shows that within the compart- 
ment, the swine was immobilized near the right wall, 66 in- 
ches from the hole in the floor near the left wall. The hole was 
18 inches above the charge and the space between the ex- 
plosion within the crew compartment and the left side of the 
swine's head was unobstructed. Panel c shows that when a 
charge was detonated beneath the entry hole in the floor 
considerable pressure, heat, and light were projected away 
from the center of the explosion into the atmosphere outside 
of the crew compartment. 

When the frame was completely lowered into the crew 
compartment, the steel top of the frame was bolted to the top 
of the surrogate and the sling was anchored to the bottom 
steel plate of the frame via adjustable steel braces, which were 
used to minimize significant movement of the swine during 
the blast. In an effort to recreate further in the physical model a 
structural feature of a HV that might be a determinant of 
injury, an elliptical shaped hole was cut through the top of the 
HV. This hole represented a gunner port and served to vent 
pressure and detonation gases during each explosion. 

The pressure time functions of the PCB (Printed Circuit 
Board Pizeoelectronics, www.pcb.com) gauges (1,2, and 3) are 
shown in Figure 4 for the first 8 msec after the detonation of a 

moderate sized charge. All gauges were anchored in the wall. 
The sensor tip of PCB1 was directly opposite the right side of 
the pig's head, the tip for PCB2 was located near the snout, 
and the tip for PCB3 was located nearest where the explosion 
entered the closed crew compartment through the hole in the 
floor. 

Figure 4 shows that the pressure recorded by all three 
transducers decays to zero during the first 7 msec after the 
detonation, although there were significant differences 
among the three gauges in the recorded decay of pressure. 
The initial peak for pressure gauge PCB3, which occurred 
sooner and was larger than the initial peaks of the other 
gauges was nearest the explosion. There were many fewer 
peaks beyond the first for PCB3. Perhaps this might be ex- 
pected since PCB3 was not impacted by the pressures re- 
flected off the pig and between the pig and the surrounding 
walls. These and other reflected pressure waves probablv 
summate and cancel each other out, depending on the extent 
to which the pressure waves are in or out of phase. As a 
consequence, the exact pressures recorded by any of the 
transducers, particularly PCB1 and PCB2, are complex mix- 
tures of reflected pressures. This complexity is emphasized 
by the very different waveforms seen for PCB1 and PCB2. The 
three major pressure peaks recorded by PCB2, the transducer 
nearest the pig's snout, decreased as shown by the red line. 
Minor peaks, reduced in amplitude, appear to follow each 
major peak, and these peaks may represent reflected pres- 
sures between the wall and the snout. In contrast to the pres- 
sures recorded by PCB2, the major peaks for PCB1, the 
transducer between the right side of the pig's head and the 

blast test #21 may200850201 
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FIG. 4. Pressure-time histories for three pressure characterization of blast (PCB) gauges (PCB1, 2, and 3) during the first 
8 msec after detonation of a moderate-sized charge. The detonation was near the step increase in pressure for PCB3. PCB1 
was directly opposite the right side of the pig's head, PCB2 was located near the snout, and PCB3 was located in the wall 
nearest the point where the explosion entered the closed crew compartment. 
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wall, increased. Since this transducer was shielded from the 
direct effect of the blast, these peaks probably represent re- 
flections between the wall and the right side of the pig's head. 

The complexity of pressure waveforms within enclosed 
spaces is a product of the geometry of these spaces. Buildings 
and alleys are differently shaped than a HMMVEE, and all 
else being equal, might be expected to result in different 
pressure waveforms. 

Building 

The Building used in the current series of studies consisted 
of four walls, but no roof. The omission of a roof made it 
possible to model blasts within alleys and allowed greater 
control over the pressure waves reflected from the surfaces of 
the walls, the floor, and within the corners without incurring 
the additional complexity of having to contend with reflected 
pressure waves from the ceiling of a room. 

Figure 5a is a schematic diagram of the Building (10 feet 
wide by 10 feet high by 14 feet long). As shown in the pho- 
tograph in Figure 5b, the charge was suspended from a wire 
such that the left side of the swine's head would be incident to 
blast exposure, while the right side would be more directly 
exposed to reflected pressures from opposing walls. 

Within the Building, each swine was restrained in a support 
frame that was bolted to the steel floor of the building (see 
inset in Fig. 5b). In an effort to maximize the pressure applied 
to the head during an explosion, the swine was at a 45° angle 
to the charge with its head in the left corner, since the corners 
of a building act to focus the pressure waves. Two pencil 
gauges were positioned near each side of the pig's head (not 
shown). 

Figure 6 shows the pressures recorded by these gauges for 
4 msec after detonation. Pressure gauge PCB3 was located 
near the left side of the pig's head, which was directly exposed 
to the blast. The first peak for PCB3 perhaps resulted from a 
reflection off the left wall. About a half msec later the second 
peak is much larger and most likely resulted from a focusing 
of pressure in the corner. Smaller peaks can be seen at 519 and 
519.5 msec, before a major increase in pressure slightly before 
520 msec. This peak again might be a consequence of a fo- 
cusing effect of reflected waves in the corner. 

Minor peaks for gauge PCB2 can be seen between 517.5 and 
518.5 msec and probably result from reflected pressure off the 
back wall, which is at an angle to the right side of the swine's 
skull. The major peak for gauge PCB2 occurs at approximately 
517.75 msec, which is about 0.50 msec after the peak for PCB1. 
This difference represents the time for pressure to travel to the 
right wall and return to the gauge near the right side of the 
swine's head. 

Regardless of which pressure time function one chooses, 
the complex changes in pressure for the gauges in the Building 
are different in amplitude and frequency than the pressure 
changes in the HMMVEE for the same charge size. One dif- 
ference is that there appears to be more reflected pressure 
transients in the HMMVEE than in the building. This can be 
seen by comparing the pressure peaks for gauges 1 and 2 in 
the HMMVEE between 136 msec and 139 msec to the peaks 
for the two gauges in the Building between 517.5 and 520.5. 
The two gauges in each structure were either at opposite sides 
of the pig's head (Building) or opposite the head and snout. 
Although the different geometries and somewhat different 

FIG. 5. A photo of an explosion within the Building. Soon 
after detonation the expension of the fireball and pressure 
appear contained within the four walls, although pressure, 
heat, and gases do escape through the doorway and later 
through the open roof. 

locations of the gauges probably contribute to the different 
patterns and frequency of the pressure changes, perhaps the 
most significant difference between the two structures that 
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FIG. 6.    Pressure-time histories for the two gauges (PCB2 and PCB3) in the building during the first 4 msec after detonation 
of a moderate-sized charge. PCB3 was nearest the left ipsilateral side of the swine's head. 

contributes to these changes is that the Building was not to- 
tally enclosed. 

Second difference in the pressure functions for the two 
structures is that the major peak pressure within the Building 
was greater than within the HMMVEE (not shown). Although 
the corners of the Building no doubt focused the pressure, 
it is not possible to determine whether the corners of the 
HMMVEE also did because no gauges were placed near the 
corners of the HMMVEE. 

The recordings from the pressure gauges that were posi- 
tioned within the different blast structures enabled us to 
characterize the unique pressure-time signatures of these 
structures. In the next section, it will be shown that the phys- 
ical pressures that characterize these structures are communi- 
cated to brain tissue. The pathway for this communication is 
an important issue and is the subject of much speculation and 
debate. In what follows, pressure transients will be presented 
for gauges that were implanted within the swine brain and 
vasculature, and these data will be used to briefly discuss the 
implications for the pathways that might serve to transfer the 
pressure within the blast structures to the brain. 

Biomechanics 

In an effort to characterize pressure transients within the 
brain, FISO Technologies (www.fiso.com) fiberoptic pressure 
transducers were used to record pressure from within the 
forebrain, thalamus, and hindbrain of a swine that was fitted 
with armor, which in all experiments consisted of a lead-and- 
foam-lined vest that covered the chest and upper abdomen. 
Individual transducers were implanted in the forebrain, thal- 
amus, and hindbrain of the hemisphere ipsilateral to the blast, 

and a single transducer was implanted in the thalamus of the 
contralateral hemisphere. The leads from the pressure probes 
were isolated within an acrylic head mount that shielded them 
from the blast. Outside the head mount, the transducer leads 
were covered with a leather sheath that was sutured to the 
midline above the spine. The ends of the transducer wires were 
connected to plugs within an aluminum box that was im- 
mobilized on the skin near the sacrum. Within the blast tube, 
the output wires from this box were isolated from the blast by a 
metal tube that permitted them to be routed outside the blast 
tube to amplifiers that transmitted pressure signals to a com- 
puter located in a trailer about 300 yards from the HMMVEE. 

Figure 7a shows intraparenchymal pressure transients that 
resulted from exposure to a moderate-magnitude blast in the 
HMMVEE. The pressure transients for this blast are shown in 
Figure 4 and are reproduced in Figure 7. The gauges labeled 
left are ipsilateral to the blast and the gauge labeled middle 
was implanted in the contralateral hemisphere. The output for 
only two of the three pressure gauges in the HMMVEE are 
reproduced here. 

The pressure transients recorded within the HMMVEE 
appear to be communicated to the brain. The first three major 
peak pressures for PCB2, which was nearest the snout of the 
swine, are followed by a secondary peak of much smaller 
amplitude. All four (left) ipsilateral and the contralateral 
(right) gauges appear to respond at a slight delay to these 
secondary pressure peaks. However, the enlargement to 
the left of this figure shows that the rise of the contralateral 
gauge begins later in time than the rise of the ipsilateral 
gauges, which would be expected, since the pressure wave 
had to travel across the midline to the contralateral hemi- 
sphere before the right gauge could detect it. 
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FIG. 7. (a) Pressures for the left back, left middle, left front, 
and right middle intraparenchymal gauges for the first 
8 msec after the detonation of a moderate-sized charge in the 
Humvee. Two of the corresponding pressure-time histories 
shown in Figure 4a are reproduced here for comparison (see 
text), (b) Pressures for gauges implanted in the inferior vena 
cava (IVC), the common carotid, and the left ventricle during 
the first 8 msec after the detonation of a moderate-sized 
charge. The pressure-time histories shown in panel a are 
again reproduced in this figure for comparison because the 
same swine was used to record intraparenchymal, intravas- 
cular, and intraventricular pressure. 

The output of the ipsilateral and contralateral transducers 
almost doubles between 136 and 138 msec. The peak pres- 
sures for these transducers appear to occur slightly after 
the fourth (second secondary) peak of PCB2, and might in- 
dicate a summation of pressure that drives the increase at all 
transducers. However, it is also true that during the first 
2 msec after the blast (between 136 and 138 msec) the output 
of the contralateral (right) transducer is less than that of any of 
the ipsilateral transducers, which suggests that the pressure 
communicated across the midline is in some way damped, or 
perhaps the right transducer is recording pressure reflected 
off of the interior of the right side of the skull. 

In an effort to determine whether the pressure transients 
within the parenchyma were driven by peripheral pressure 
transients in the systemic vasculature, transducers were also 
implanted within major blood vessels. In several experiments, 

FISO pressure transducers were implanted in the descending 
aorta, the inferior vena cava, the external jugular, and the 
common carotid. In the experiment reported here, the trans- 
ducers were implanted in the IVC, common carotid, and a 
transducer was also implanted within the left ventricle. 

Figure 7b shows the pressures recorded by the intravas- 
cular gauges and the ventricular gauge for the same swine 
that was used for the intraparenchymal recordings shown in 
Figure 7a. A couple of findings in Figure 7a and b are note- 
worthy. Perhaps the most significant is that major peaks for 
the intraparenchymal and ventricular gauges occurred be- 
tween 136 and 138 msec. Likewise, major pressure peaks 
within the carotid can be seen within these same 2 msec. Al- 
though the importance of these intraparenchymal and intra- 
vascular pressure pulses for the development of structural 
injury to the brain is uncertain, the simultaneous occurrence of 
both kinds of pulses does suggest that the development of 
brain injury need not be exclusively a consequence of an in- 
travascular pressure pulse (Cernak et al., 1996, 2001; Long 
et al., 2009). The exact pathway(s) for the transfer of blast- 
induced pressure transients to the parenchyma are at present 
unknown, although the intraparenchymal pressure data be- 
tween 136 and 138 msec suggest that direct transmission 
across the skull is one possibility. The intraparenchymal 
transients in Figure 7a between 136 and 137 and between 137 
and 138 msec lag slightly behind the recorded pressure at 
PCB2. This small temporal difference might represent the 
pressure transit time across the skull. 

The pressure response within the common carotid was 
much more rapid than within the IVC. The pressure within the 
IVC gradually rose to a peak at about 4-5 msec after the first 
and largest peak pressure within the carotid. The exact cause 
of this delayed rise is unclear, although both the rapid increase 
in the carotid and the delayed increase in the IVC might result 
from compression of the myocardium. Since the path into the 
carotid is shorter from the heart, the rise might be more im- 
mediate. Since the flow within the carotid is high, resistance to 
flow is low, and the endothelial cell and elastic fiber layers of 
the carotid constrain flow more than the surrounding layers of 
the vena cava, application of the same pressure to each vessel 
might result in a larger increase in pressure in the carotid. One 
certain consequence of the documented increase in pressure in 
the vena cava is that cardiac output will be affected because in 
the absence of trauma or pathology, venous return within the 
vena cava must equal cardiac output. 

The pressure transients in the parenchyma and ventricle 
were not insignificant. In the parenchyma, a relatively large 
pressure was recorded while in the ventricle, maximum pres- 
sure was somewhat less. One consequence of these intra- 
parenchymal and intraventricular pressures is that the load 
on the vascular endothelium might result in deformation that 
disrupts the normal vasoactive function. In an effort to eval- 
uate the possible disruption of normal vasoactivity by ex- 
plosive blast, angiograms were recorded before and after 
exposure. 

Angiography 

The angiography data reported here were recorded from a 
swine fitted with armor and exposed to a relatively mild in- 
tensity blast in the tube. Before being transported to the blast 
range, the swine was anesthetized and a catheter was inserted 
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through the femoral vein, advanced through the heart into the 
common carotid, and positioned near the bifurcation of the 
common carotid and the ascending pharyngeal artery. A ra- 
diopaque tracer was injected through the catheter into the 
common carotid and a C-arm fluoroscope with digital sub- 
traction capabilities was used to image the neck and cranial 
vasculature. 

Figure 8a was captured with the dorsal recumbancy before 
being transported to the blast range. The cerebrovasculature 
shown in Figure 8a is different in several respects from that of 
a human. Unlike the human brain, in which blood flows from 
the internal carotid (IC) into the middle and anterior cerebral 
arteries (MCA and AC A), the common carotid (CC) of the 
swine brain directly supplies blood to the ascending pha- 
ryngeal (AP) artery and the much larger external carotid (EC) 
artery, which supplies blood to the ears, scalp, and face, but 
not directly to the brain. Blood in the AP artery flows through 
the rete mirabile, a plexus of small blood vessels, into the 
internal carotid, which is the major anterior pathway for 
blood flow to the swine brain. (Dondelinger et al., 1998; 
Massoud et al., 2000.) 

A postblast angiogram for the same swine is shown in 
Figure 8b. The diameter of the AP artery appears reduced 
soon after the bifurcation with the CC, and the auricular ar- 
tery also appears somewhat narrowed. More data are needed 
to document the extent to which the magnitude and duration 
of vasospasm is affected by the magnitude of blast and the 
complexity of the waveform. 

The emergence of vasosopasm is one salient pathophysio- 
logical characteristic of exposure to explosive blast, and rep- 
resents a disruption of brain function that could have resulted 
from transmission of the pressure wave within the peripheral 
vasculature to the brain, or perhaps directly across the skull 
into the closed head cavity. Regardless of the route of entry, it 

is conceivable that the compression wave within the skull 
might disrupt ionic gradients and signal transduction, either 
of which might be reflected by the electrophysiological ac- 
tivity of the brain. 

Electroencephalography 

Data Sciences International (www.datasci.com) telemetric 
technology was used to evaluate swine EEG and ECG before 
transport to the blast site, immediately prior to and during 
blast exposure, immediately after exposure, and after re- 
turning to the blast laboratory. Before being transported to the 
blast site, the swine was anesthetized and four skull screws 
were surgically installed midway between the bregma and 
the lambda. Two screws were installed above the ipsilateral 
(left) and two screws were installed above the contralateral 
hemisphere of the brain. The positive and negative leads for 
channels 1 and 2 of a transmitter such as the one shown in 
Figure 9a were advanced subcutaneously from near the right 
scapula to the skull surface, where the ends of these leads 
were attached to the screws, the ends of which rested on the 
dura above what was most likely the forebrain and ventral 
hippocampus. The reference lead was attached to a screw that 
was in contact with the dura of the right hemisphere caudal to 
ventral hippocampus. A subcutaneous pocket sufficiently 
large to accommodate the disk transmitter was bluntly dis- 
sected near the right scapula, and the positive lead for channel 
3 was advanced within this pocket under the skin around the 
left rib cage to a lateral location near the heart. The negative 
lead was advanced to a similar location above the right rib 
cage. 

After the surgery was completed, the collar and the at- 
tached repeater shown in Figure 9b were secured around the 
swine's neck. The repeater repeatedly broadcast the signals 

Preblast Postblast 

FIG. 8. (a) Angiogram before exposure to blast. The ascending pharyngeal artery is separated from the internal carotid by 
the rete mirabile. (b) Angiogram after exposure to blast showing what appears to be constriction in the ascending pharyngeal 
artery near the bifurcation of the external carotid and the auricular artery. The dime standard was used for calibration 
purposes. 
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FIG. 9. (a) Photograph showing a three-channel telemetric 
transmitter capable of detecting and broadcasting three in- 
dependent biopotentials. Channels 1 and 2 were used to 
detect EEG signals from the ipsilateral and contralateral 
hemispheres, respectively. Channel 3 was used to record the 
ECG. (b) Photograph showing the repeater that repeatedly 
broadcast the signals from all three channels. The repeater 
was screwed to a collar that was strapped around the ani- 
mal's neck, (c) Photograph of the receiver that was connected 
to a digital I/O board via a multiplexer that functioned as an 
interface between the receiver and the DSI signal acquisition 
software. 

Upon arriving at the blast range, the swine was secured in 
the sling outside of the blast tube. Unlike the image shown 
in Figure 1, the entire body of the swine was not within the 
blast tube. Instead, the head of the swine was inserted into 
a hole in the side of the tube near the driver. The head 
was restrained within the tube before it was exposed to a 
moderate-magnitude blast. 

The EEG and ECG waveforms before, during, and after 
blast are shown in Figure 10a. The preblast EEG and ECG 
waveforms are shown between cursors 1 and 2, and did not 
appear different from the waveforms recorded before trans- 
port to the range, although the amplitude of these waveforms 
appeared reduced, in large part because the swine was an- 
esthetized (Lukatch et al., 2005; Frasch et al., 2006). Soon after 
detonation, Figure 10 shows that all signals were rapidly 
disrupted and in part were lost for a very brief period. All 
three waveforms appeared to remain disrupted for at least 
the first 1 min after exposure, and during that time the ECG 
signal appeared arrhythmic and low -frequency spikes ap- 
peared in the EEG waveforms, although the spikes were 
muted. A spectral analysis confirmed that after exposure, the 
power for channels 1 and 2 shifted to the low frequencies (data 
not shown). This outcome might be significant because Car- 
pentier and colleagues (2001) reported that treatment with 
the organophosphorus nerve agent soman resulted in gen- 
eralized seizures and a shift in the EEG power spectrum 
to the low frequencies. The magnitude of the shift was cor- 
related with the severity of brain injury resulting from the 
seizures. 

Thirty minutes after exposure the swine was returned to 
the blast laboratory. After arrival at the laboratory and re- 
cording was resumed, the overall power level was greatly 
reduced, perhaps in large part because ketamine was used to 
maintain a surgical level of anesthesia during transport. An- 
esthesia may also have been a complication in a study re- 
ported by Axelsson and associates (2000). In that study, EEG 
and a battery of cardiovascular parameters were monitored 
before, during, and at different times after exposure of swine 
to an explosive blast that generated a free-field waveform 
with a peak of approximately 35 psi. Of the seven swine used 
for these measurements, the EEG waveform flattened for four 
swine during the blast; however, the blast did not affect the 
EEG signal for the remaining swine, perhaps as a consequence 
of a deeper level of anesthesia. 

However, the disruptions of the EEG waveforms are ad- 
mittedly transient, and the apparent disruption of the EEG in 
both channels might precede the later development of injury 
to white matter fiber tracts and neurons. In an effort to de- 
termine whether exposure to explosive blast results in struc- 
tural as well as function injury to the brain, histological and 
biochemical technologies were used to determine whether 
exposure to an explosion results in injury to the swine brain, 
and if it does, whether the nature of the injury might help to 
identify a mechanism or mechanisms of that injury. 

for each channel to the receiver shown in Figure 9c. The re- 
ceiver was connected to a laptop computer via a matrix box 
that functioned as a multiplexer. Dataquest software (DSI) 
recorded and saved each digital signal. After completing the 
surgery, the EEG and ECG were recorded before the swine 
was transported to the blast range. 

Neuropathology and Molecular Biology 

Several different types of structural injury were identified 
following exposure to blasts in different structures. The most 
prominent forms of injury were white matter fiber degener- 
ation and astrocytosis. In Figure 11a, an enlarged segment of 
the left (ipsilateral) cortex at the level of the posterior fore- 
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FIG. 10. A sample recording of the EEG signals for channels 1 and 2 (bottom two records) and the ECG signal (top record) 
before, during, and after exposure to a moderately severe blast that was focused on the head. During the first minute after 
exposure the EEG signal appeared arrhythmic and although muted, low-frequency spiking appears in the EEG signals. 

brain is shown for a swine that was exposed to a moderately 
high-magnitude blast in the Building, and panel b shows 
an enlarged segment of the left cerebellum for a swine that 
was exposed to a high-magnitude blast in the building. Both 
brains were perfusion-fixed 2 weeks after exposure and pro- 
cessed at FD Neurotechnologies (HYPERLINK "fdneurotech" 
fdneurotech.com), where 80 fi cryostat sections were stained 
with silver to reveal dead axons and dendrites and 5-10// 
paraffin sections were stained with glial fibrillary acidic pro- 
tein (GFAP) to detect activated astrocytes. 

Figure 11a and b show circumscribed regions of fiber de- 
generation. In Figure 11a, the dark circled areas in the 0.50 x 
micrograph indicate dead axons and dendrites in the left 
(ipsilateral) white matter tracts of the superior corona radiata. 
As indicated by the arrows in the 60x micrograph, the indi- 
vidual dead fibers are long black strands interrupted by gaps. 
In Figure lib, another region of fiber degeneration is shown in 
the white matter of the ipsilateral cerebellum, and individual 
dead fibers are evident in the 60x enlargement. 

In Figure 12a, GFAP was used to stain the section imme- 
diately adjacent to the one that was stained with silver in 
Figure 11a. Astrocytosis is evident in the ipsilateral, but not 
the contralateral cortex. Although a corresponding section for 
the cerebellum is not available, Figure 12b shows that astro- 
cyte activation was also evident in the ipsilateral alveus and 
the hilus (Hil), the stratum radiatum (R) and the molecular 
layer (ML) of the dentate gyrus of a swine that was exposed to 
a moderate peak pressure in the HMMVEE; astrocyte acti- 
vation was not evident in the sham-exposed hippocampus. A 
similar result was reported by Saljo and co-workers (2003). In 

that study, GFAP activation was evident in the hippocampus 
of rats 21 days after a single exposure to a 34-psi burst of air 
overpressure. 

In addition to basic histochemical and immunohisto- 
chemical stains, reverse capture protein microarray was used 
to analyze biosamples of brain tissue and serum to identify 
biomarkers of injury in the brains and serum of exposed 
swine. When collecting serum, blood samples were removed 
from the femoral vein at different time points after exposure to 
a blast, centrifuged, and the supernatant containing the serum 
was flash frozen and stored at -80 C for later use. After eu- 
thanasia, the brains were removed from the skulls, the 
hemispheres were separated, and 11 sections were cut from 
each hemisphere. The hippocampal formation was dissected 
from the ipsilateral and contralateral hemispheres and all 
sections were also flash frozen and stored at -80 C for later 
processing. Protein extracts were processed and treated with 
antibodies to GFAP, neuron specific enolase (NSE), a non- 
specific marker of neuronal injury, and mylein basic protein 
(MBP), a marker of injury to compact myelin. Genepix Pro 6.0 
(Molecular Devices, Sunnyvale, CA) software was used to 
quantify the protein expression. Specific procedural details 
can be found in Agoston and associates (2009). 

In two preliminary studies, Figure 13a shows that GFAP 
expression was elevated approximately threefold in the ipsi- 
lateral frontal cortex of swine that were exposed to a moderate 
magnitude (839) blast in the HMMVEE. This provides con- 
firmation for the astrocytosis shown in Figure 12a. In panels b 
and c, NSE and MBP were greatly elevated in serum at 6, 24, 
and 72 h after exposure in the tube to a high-magnitude blast. 
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FIG. 11. (a) Silver-stained coronal section from the superior corona radiata of the ipsilateral frontal cortex of a swine 
exposed to a moderate-magnitude blast in the Building. The black areas are regions of dead axons and dendrites. The 60x 
enlargement shows individual dead fibers, (b) Fiber degeneration in the white matter of the ipsilateral cerebellum of a swine 
exposed to a moderate-magnitude blast in the Building. Individual dead fibers are shown in the 60x enlargement. 

Although both increases were relatively large, the increase 
in MBP at all three time points was much larger and more 
sustained than the increase in NSE, and might suggest that 
increases in MBP result from inflammatory injury to oligo- 
dendrocytes. More generally, early in the PREVENT program 
increases in cytokines (TNF-2, interferon-y, and IL1-/J) not 
reported here would seem to suggest the possibility that the 
evolution of blast-induced brain injury involves an acute in- 
flammatory response that progresses to a more chronic state 
of inflammation resulting in fiber degeneration, but minimal 
injury to neurons. 

More experiments are planned to document and com- 
pare further fiber degeneration and inflammation to rodent 
explosive blast data (Kaur et al, 1997,1996,1995; Petras et al., 

1997), use biomarkers that are specific for CNS injury to 
neurons of blast-exposed swine (Kochanek et al., 2008; Ottens 
et al., 2008; Liu et al., 2006), and identify pathways of cell 
death (Kato et al., 2007). Most importantly, we must further 
replicate injury in more swine at different blast intensities and 
under different exposure conditions and collect data that will 
help us to determine the temporal development of injury. 

In the next section, the potential peripheral expression of 
the injury will be considered by first addressing the possible 
systemic physiological consequences of an explosion, which 
themselves may exacerbate the central manifestations of the 
injury. And in the final section, the possible neurological 
consequences of blast injury to the swine brain will be con- 
sidered. 
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FIG. 12. (a) GFAP-stained tissue from the ipsilateral and contralateral superior corona radiata of the brain that was used for 
the silver stain shown in Figure 11a. Astrocytosis is evident in the ipsilateral, but not the contralateral corona radiata. (b) Two 
GFAP-stained horizontal sections from the ipsilateral dentate gyrus of a swine exposed to a moderate-magnitude blast in the 
Humvee and a sham-exposed swine. Astrocyte activation is evident in multiple layers of the dentate in the exposed swine, 
but not the sham swine brain. 

Systemic Physiology 

Although brain injury was the focus of our Phase 1 explo- 
sive blast experiments, in most experiments that were com- 
pleted, the entire body of the swine was exposed to each 
explosion. Moreover, one might expect that when exposed in 
the tube and particularly in the HMMVEE, pulmonary injury 
might be likely to occur, since toxic gases were a product of 
each explosion. As a consequence, respiratory rate, oxygen 
saturation, and heart rate were recorded at different time 
points after exposure to explosions of different magnitudes in 
the different blast structures. 

Systemic physiological data were collected for all of the 
exposures in Phase I; however, the only experiments that will 
be considered here are those in which swine were fitted with 
body armor and exposed to peak pressures within the Tube. 
Identical data for the HMMVEE and Building are not con- 
sidered here because the effects on these physiological end- 
points were not significantly affected at any time after 
exposure. 

Figure 14a shows heart rate, b shows respiratory rate, and 
c shows oxygen saturation before and at six time points after 

exposure to a moderate-intensity blast. The data in panels a, b, 
and c illustrate that in the tube there is an initial reduction in 
all measures within 2 min after exposure. All three measures 
appear to recover relatively rapidly, and by 20 min after ex- 
posure, the heart and respiratory rates and oxygen saturation 
appear to differ only slightly from what they were before 
exposure. This rapid recovery of systemic physiological 
measures would appear to suggest that blast-induced neu- 
ropathological changes in the brain need not be a consequence 
of systemic physiological compromise or collapse. 

There are multiple reasons why these measures were af- 
fected in the tube, but not in the Building or the HMMVEE. 
One might be that that, unlike the Building or the HMMVEE, 
the rube focuses the shock front, thermal energy, and com- 
bustion gases onto the animal. Although the shock front was 
also focused in the building, the absence of a roof probably 
allowed the rapid dissipation of toxic combustion products, 
and perhaps minimized the impact of reflected pressure 
transients that would have occurred if the building had been 
covered. In support of this possibility, Axelsson and associ- 
ates (2000) reported that a moderate-magnitude explosion did 
not affect the blood pressure, heart rate, respiratory rate, or 
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FIG. 13. (a) GFAP expression in the frontal cortex of two 
swine that were exposed to a moderate-magnitude blast in 
the Humvee. (b) Mylein basic protein (MBP) and (c) neuron 
specific enolase (NSE) expression before blast and at 6, 24, 
and 72 h after exposure to a moderate-magnitude blast in the 
Humvee. The error bars represent ± 1 SD about the mean of 
three biosamples that were collected from a single animal. 
MBP and NSE expression were greatly elevated at all three 
time points after exposure, although the increases in MBP 
were much larger and more sustained than those for NSE. 

arterial blood gases of swine that were restrained on a shelf 
that was mounted to an isolated wall. 

A second reason is that the explosive was located outside 
the Humvee, which minimized the toxic gas products that 
entered the crew compartment. Moreover, those gases that 
were forced inside the compartment were vented upward and 
out the open gunner port at the top of the surrogate. Although 
one might think that the open-ended structure of the tube was 

most likely to vent combustion products away from the ani- 
mal, the total volume of the tube and the resulting combustion 
gases were greater than in the HMMVEE. This greater gas 
volume was channeled directly at the animal and appeared to 
remain stationary for a longer period of time. Although a large 
ventilation fan was used to exhaust all combustion products 
from the tube and the Humvee, the fan could not be moved 
into position to exhaust the gases after an explosion in the tube 
as fast as it could be moved into position after an explosion in 
the Humvee. 

Neurologic Evaluation 

Almost invariably, swine in Phase I were fitted with body 
armor because the principal objective was to determine 
whether, in the absence of contact with solid objects or rota- 
tional movement, exposure to an explosion was capable of 
injuring the brain. Body armor was used to protect the tho- 
racic cavity and minimize any systemic or lung injury that 
might directly or indirectly contribute to brain injury. Al- 
though the data cannot be presented in the present report, the 
body armor was protective at almost all blast magnitudes, 
except the very highest. Nevertheless, brain injury was evi- 
dent to some degree in swine that were protected and im- 
mobilized. Although the brain injury documented in the 
present report is perhaps not severe or extensive, one objec- 
tive of Phase I was nevertheless to develop the capability to 
characterize neurologic and memory impairments that might 
result from blast-induced brain injury. As a consequence, the 
neurologic integrity of our swine was evaluated before 
and after exposure using Vicon motion analysis technology 
(HYPERLINK "http://www.vicon.com" www.vicon.com) 
that is currently in use in hospital rehabilitation and sports 
medicine clinics. In using this technology, a battery of com- 
puterized cameras captured the reflections of markers that 
were placed on anatomic landmarks. In the present study, the 
anatomic landmarks so labeled were the forelimb, shoulder, 
humerus, and metacarpals of the forelimbs, and the hip, 
femur, and metatarsals of the hind limbs. Two more markers 
were placed on the sacrum and the head. 

After a swine was labeled, it was released within the re- 
cording arena shown in Figure 15a. Within the arena, black 
rubber tiles were used to circumscribe an area that was 
smaller than the total area of the arena. Since the painted 
wood floor outside the perimeter of the tiles was slippery, the 
swine invariably remained on the rubber tiles. When on these 
tiles, a swine was surrounded by 16 computerized cameras 
with near-infrared strobes, as shown in Figure 15b. The fields 
of view of these cameras is shown in Figure 15c, and were 
overlapped such that the strobe-induced reflections of any 
single marker were within the fields of view of two cameras, 
and a unique X, Y, and Z coordinate position could be as- 
signed to that marker. 

When the system was activated for a recording trial, the 3-D 
coordinates of each marker at each point in time were com- 
municated to the animation software (Nexus®, www.vicon 
.com) running on a server via interface boxes. After a trial 
ended, the 3-D coordinate data were imported into biome- 
chanical software (Motus®, www.vicon.com) that used math- 
ematical algorithms to derive kinematic data (3-D linear and 
angular displacement, velocity, and acceleration) for the seg- 
ments between the markers. 
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FIG. 14. Heart rate (a), respiratory rate (b), and O2 saturation (c) before the blast and at six time points post-exposure to a 
40-50 psi blast in the tube. All three measures of systemic physiological function were reduced at 2 min and recovered by 
20 min after exposure. 
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FIG. 15. (a) In this photograph of the arena, three of the walls are partially visible, and the rubber-tiled floor within the 
arena is also visible. As long as the swine remained on this tiled floor, at least two of the surrounding cameras shown in panel 
(b) captured the reflections of the markers that were used to label anatomic landmarks on the forelimbs and hindlimbs. As 
shown in panel (c), the fields of view of many cameras overlap, virtually guaranteeing that any single marker will be seen by 
at least two cameras. 

For each of the 14 landmarks it is possible to calculate x, y, 
and z coordinate data for each kinematic variable, and these 
data were calculated for each frame of a test session. Conse- 
quently, in an effort to narrow the presentation of the volu- 
minous amount of data, no data for the z axis are presented, 
since the swine moves very little up and down. Since the 
swine did move within the X and Y space, the X coordinate 
data were used, as it did not matter whether X or Y data 
were used; the conclusions would be the same. 

Figure 16a shows the angular velocities of the left and 
right knees before and 48 h after exposure to a moderate 
magnitude blast in the tube. Clearly, the amplitudes of the 
angular velocities are larger before than after exposure, and 
although it is somewhat difficult to see, the knee velocities 
increased and decreased at a faster rate before than after 

exposure. This implies that the angular acceleration of the 
knees should also be greater before exposure. The data do 
confirm this prediction, although the data are not shown 
here. 

In Figure 16b, the displacement of the left and right meta- 
carpals along the x axis is shown before and 2 weeks af- 
ter exposure to an extremely high peak pressure in the 
HMMVEE. The movements of the metacarpals before the 
blast are coordinated and synchronized. The cyclic foot-down 
and foot-up sequence of movements occurred repeatedly and 
uniformly before exposure. However, after exposure this co- 
ordinated sequence of movements was disrupted and re- 
mained disrupted at 2 weeks after exposure. 

The data presented in Figure 16 are indicators of injury, but 
they do not suggest what was injured. Additional experi- 

FIG. 16. (a) The angular velocities before and 72 h after exposure are shown for a swine that was exposed in the tube to a 
moderate magnitude blast. After exposure, as the angular velocities of the knees are greatly reduced, (b) The displacement of 
the left and right metacarpals are shown before and 2 weeks after exposure. The synchronized and coordinated movements 
that characterized the motions of these bones before the blast were disrupted and remained disrupted at 2 weeks after 
exposure. 
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ments are needed to determine whether brain or peripheral 
neuromuscular injury or both might be responsible for the 
short-term and long-term disruptions in neurologic function 
seen after exposure to blast. 

Discussion and Conclusions 

The model 

The biomechanical instrumentation, EEG telemetry, and 
motion analysis technologies used here had never been used 
with large animals for this purpose, and although angiog- 
raphy as well as neuropathological and molecular biological 
technologies have been used extensively to characterize the 
consequences of brain injury in rats, relatively few data have 
been published about the joint use of these technologies in 
large mammals (Rosenthal et al., 2008; Manley et al, 2006). 
At the very least, the data reported here illustrate that it is 
possible to successfully use these technologies to characterize 
brain injury in a large mammal that is exposed to explosive 
blast. More specifically, the biomechanical and biological 
data should enable us to begin to understand the transfer of 
the pressure wave across the skull, the coupling of the 
compression wave within the skull to brain tissue, the con- 
sequences of that coupling for initiating biochemical cas- 
cades of cell death, the disruption of brain function, and the 
translation of brain injury into neurologic and memory im- 
pairments (Saljo, 2009). At the same time, the collection of 
the biomechanical and biological data serve to underscore 
the limitations of the model. Perhaps the most significant 
limitation that needs to be addressed focuses on the use of 
swine. 

Swine have been successfully used in cardiovascular and 
TBI research (Manley et al., 2006; Dudkiewicz and Proctor, 
2008; Rosenthal et al., 2008; Friess et al., 2007; Earle et al, 2007; 
Ananiadou et al., 2008.). However, in blast TBI research there 
are some unique obstacles. Unlike the use of fluid percus- 
sion and CCI, in which a hole is drilled through the skull to 
expose a small, localized target area of injury, the integrity of 
the skull in blast TBI studies presents a significant barrier to 
blast-induced damage. The impact of the shock front on the 
skull, the transfer of the compression wave across the skull, 
and the movement of this wave within the calvarium are all 
affected by the size, geometry, and thickness of the skull, and 
also probably by the physical characteristics of bone, such as 
the ratio of compact to trabecular bone, and the degree of 
mineralization (Sipos et al., 2008). The extremely small, thin, 
ellipsoid-shaped rat skull, and the more angular, wedge- 
shaped, thicker, and more mineralized swine skull present 
significant challenges for modeling the proximal biomechan- 
ical and biological events that ultimately result in injury to the 
human brain. Additional challenges are presented by the blast 
wave generators that are used to model the different scenarios 
by which brain injury occurs. 

Blast wave generators 

Several different blast wave generators were used in the 
current series of experiments. Perhaps the one that is most 
important for the laboratory study of brain injury is the blast 
tube. In most published blast studies, shock or air-driven 
tubes have been used to study blast injury to the brain. One 
reason for this is that it is convenient to assume that air 

overpressure is the primary cause of blast injury to the brain. 
The use of an air-driven shock tube for this purpose is useful, 
if the tube is used correctly and one recognizes the limitations 
of the data that result from the use of an unmodified shock 
tube. In an effort to address these issues, it will be useful to 
consider the physics of an explosive-driven blast tube. 

The open-ended design of our explosive-driven tube en- 
sured that at almost all locations near the point of detonation, 
the measured waveform would be Friedlander in shape, as 
shown in Figure 2a. The formation of this waveform occurs 
rapidly after detonation. Within the fireball, the almost in- 
stantaneous rise in pressure to extremely high levels moves 
forward at supersonic velocity and compresses the air in its 
path, forming a shock front (Settles, 2006). Microseconds 
after the formation of the front, considerable kinetic energy 
is imparted to the air in its path, and as the front slows, the 
total (static + dynamic) pressure of the entire wave is domi- 
nated by the static pressure of the front itself. It is in this sense 
that static pressure is a defining characteristic of a free-field 
blast. 

Outside the tube, the shock front dissolves into turbulence. 
The static pressure that characterized the shock front within 
the tube is transformed into dynamic pressure, and the pres- 
sure that trailed the shock front becomes a jet of air. This 
jetting outside the tube occurs regardless of whether one is 
using an explosive-driven or air-driven tube. Although the 
dynamic pressure of the turbulence and the air jet outside 
the tube can injure the brain, it is only within the tube that the 
brain of an animal can be exposed to the planar shock front 
and static pressure of a free-field waveform. 

The use of an air-driven shock tube to study explosive blast 
injury to the brain carries with it an important assumption: 
that whatever brain injury that results from exposure to an 
explosion can be accurately modeled by exposing an animal 
to air overpressure of sufficient amplitude. Explosive injury to 
the brain should not be reduced merely to overpressure. 
Unlike the free-field waveform of overpressure in an air- 
driven tube, the free-field waveform in an explosive-driven 
tube includes thermal energy from the fireball, differentially 
powerful frequencies, and electromagnetic pulse. Perhaps the 
most significant component of free-field blast that neither tube 
type reproduces is multiphase flow. Multiphase flow is 
comprised of the detritus, not just the fragments, that is col- 
lectively projected outward from the blast by the shock front. 
The relatively large mass of this front greatly exceeds that of 
air alone, and might impact the protected brain of a warfighter 
with sufficient force to produce brain injury. 

Unlike the tube, the Humvee and the building are walled 
structures that generate complex pressure waveforms. A 
heretofore unmentioned and potentially injurious component 
of complex pressure waves might be their directionality. In 
this regard, Hrapko and colleagues (2008) reported that the 
shear resistance of tissue samples of the corona radiata de- 
pended on the directionality (coronal, transverse, and sagittal) 
of the applied force. Anisotropy might therefore be a property 
of the test conditions, and not necessarily an inherent material 
property of the tissue being deformed. 

In future studies, the validity of the current model will be 
evaluated further to determine whether exposure of mini- 
swine and other animals to operationally relevant magnitudes 
of explosive blast result in edema, elevated ICP, intracranial 
hemorrhage, reduced cerebral blood flow and oxygen ten- 
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sion, activation of signal transduction pathways of cell death, 
and memory impairments. It will be useful to compare these 
data and the data from Phase I to existing data that assessed 
similar effects in experiments that were conducted using 
air overpressure alone (Saljo et al., 2009; Saljo et al., 2003; Saljo 
et al., 2002). 
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